INTRODUCTION
Since the recognition of the primary importance of restoring circulating blood volume in the treatment of peripheral circulatory collapse or "surgical shock," the search has been made for easily available substitutes for whole blood. Among the substances tried are solutions of crystalloids, gum acacia, or ascitic fluid, blood serum, and plasma. In the past few years, attention has centered almost exclusively on the use of plasma and serum. This is because they most nearly approach whole blood in physiological characteristics, obviate the necessity of cross-matching, and can readily be preserved for future use either in the original form, partially concentrated, or in the dry lyophile state.
The use of serum or plasma for restoring circulating volume is, of course, based on the osmotic effect of the proteins supplied. Volume gain will therefore be determined by the extent to which the protein provided is held in the vascular compartment. That, under various circumstances, protein may be rapidly removed has been shown by a number of experimental observations made within the past several years. Thus, Sibley and Lundy (1) at the Mayo Clinic found that 24 hours after a 500 cc. transfusion, the increase in circulating volume of patients accounted only for the added red blood cells, and that the added plasma of the transfusion had apparently disappeared from the circulation. Marriott and Kekwick (2) found similar results in transfusing anemic patients. Boycott and Oakley (3) and Krumbhaar and Chanutin (4) made the same observation on dogs. Freeman and Wallace (5) found that protein given as lyophilized serum was retained for 3 hours, but had disappeared in 24. Since the work reported I This work was planned with the help of Dr. S. C. Harvey and Dr. P. B. Price and was done when the author was Harvey Cushing Memorial Fellow in Surgery, 1939-40. ' Now 1st Lieutenant, M.C., A.U.S.
in the present paper was done, both Beattie (6, 7) and Scharpey-Schafer and Wallace (8) have indicated that transfused plasma protein may leave the vascular system. J. D. Robertson (9) , of the Middlesex Hospital in London, did comparative studies on the intravenous use of crystalloids, gum acacia, and serum in cats, and found, contrary to expectation, that the serum disappeared from the blood stream about as rapidly as did solutions of saline or glucose.
Price and Metcalf (10) , in the Hunterian laboratory at Hopkins, produced acute anoxia in dogs by removing red cells from the circulation, and, in order to maintain the normal circulating volume, introduced plasma in amounts corresponding to the volume of red cells removed. However, at the end of 6 to 8 hours, the circulating blood volume corresponded only to the original volume minus the volume of red cells removed. The volume of plasma which had been introduced to make up the difference had disappeared from the circulation. In view of these observations and in view of the increasing clinical use of various types of human protein solutions (normal, concentrated, or lyophilized serum and plasma), and because of the great immediate importance of the subject in connection with the war, it was thought that a quantitative study of WILLIAM METCALF
METHODS
The dye method of Gibson and Evelyn (11) was used to determine plasma volume. The plasma volumes and protein concentrations were determined before and at given intervals after the transfusion. By multiplying the two together, the total protein at these points was found. Knowing the plasma volume and the relative volume of blood cells (measured by hematocrit), the total blood volume and the volume of red cells at these points could also be calculated. Thus, the effects on the circulating blood and its constituents of the addition of a known volume of plasma or serum containing a known amount of protein could be determined.
The experiments were performed on fasted mongrel stock dogs weighing 3 to 12 kgm. They were anesthetized with nembutal 35 mgm. per kgm. and the anesthesia reinforced with 10 mgm. per kgm., as necessary. The bladder was catheterized, and the urine collected in 4 batches; the first during the control period and the remaining 3 in approximately equal periods for the duration of the experiment after the protein transfusion. The carotid or femoral artery and accompanying vein were then exposed aseptically (the animals were used once or twice again later) and the artery cannulated. Connected to the cannula through one limb of a three-way stopcock was a mercury manometer recording mean blood pressures and a system which prevented clotting by feeding isotonic sodium citrate slowly into the cannula at a pressure slightly above the mean (usually no more than 4 to 5 cc. were used during an experiment). Blood specimens were taken from the cannulated artery by the use of two 5 cc. Luer-Lok syringes, one dry and one containing 0.5 cc. of 2.5 per cent sodium citrate, attached to a second stopcock fitting the open end of the first. By drawing about 5 cc. of blood into the syringe containing the citrate, the terminal portion of the artery and the stopcock-cannula system were cleared of stagnant blood. The specimen for the determinations was then taken with the dry syringe and the citrated blood in the first syringe was returned to the circulation. This method allowed accurately measured specimens, representative of the circulating blood, to be obtained quickly at any given moment and without any hemolysis or dilution from the blood pressure system (12) .
After cannulating the artery, 3.0 to 5.0 cc. of a 0.10 per cent solution of the dye T 1824 was given intravenously. The following hour served as a control period during which the normal values for plasma, red cell, and total blood volumes, dye disappearance curve, protein concentration, hematocrit, hemoglobin, mean blood pressure, and rate of urine secretion were determined. Five and sometimes 6 blood samples were taken during this period, at 10-minute intervals, to ensure a fairly accurate determination of the rate of dye disappearance and of the plasma volume. Following this, the particular protein solution being tested, normal serum, normal plasma, or lyophilized serum 4-fold concentrated, was given into a convenient vein in a period of 10 to 20 minutes. Specimens were then taken at 15 or 30-minute intervals until the termination of the experiment. At this point, the volume was again determined by a reinjection of another 3.0 cc. of dye.
The specimens withdrawn, 4.5 cc. each, were divided into two portions, 2.5 cc. under oil for serum, and 2 cc. into bottles containing dry ammonium and potassium oxalate mixture. The serum from the clotted specimen after centrifuging was used for the measurement of the dye concentration, serum protein concentration, nonprotein nitrogen, and chlorides. Blood cell volumes and hemoglobins were determined on the oxalated specimen.
The color intensities of the solutions containing dyes were measured by means of the micro unit of the Evelyn photoelectric colorimeter (13, a). The sera were analyzed for proteins in duplicate by the falling drop method of Barbour and Hamilton (13, b) , and the concentrations were calculated by the formula of Weech (14) . The cell volumes were determined by the use of Wintrobe hematocrit tubes, and the hemoglobins, with the photoelectric colorimeter. The non-protein nitrogen and chloride of serum and the nitrogen and chloride of urine were measured by the routine clinical laboratory methods.
The serum and plasma used were obtained by bleeding large healthy stock dogs. For the plasma, 10 cc. of 2.5 per cent sodium citrate were used for each 100 cc. of blood withdrawn. The 4-fold concentrated serum was made by the addition of 25 cc. of sterile distilled water to the powder representing 100 cc. of normal serum.2
CALCULATIONS AND GRAPHIC REPRESENTATION
The primary calculation of volume was made by the usual method from the extrapolated dye concentration value (Lo) and the factor for the dye solution used. Serial determinations of plasma volume after the primary determination were usually made by multiplying the original volume (minus the amounts removed in sampling) by the ratio of the expected dye concentration to the actual dye concentration at the given times wanted. The actual dye concentrations of the specimens were, of course, determined with the colorimeter. The expected dye concentrations are usually read off, for the given intervals of time, on a graphic logarithmic projection of the original disappearance curve. However, this latter procedure was not accurate enough for the purposes of these experiments, since the very possible small error of 4 to 5 per cent in drawing the curve through the original 5 dye determinations would introduce an error of 24 to 30 per cent at the end of 5 hours in the expected dye concentration values and therefore an equal error in the volume calculations.
A method of calculation was therefore worked out whereby the over-all dye disappearance rate Knowing the rate of dye disappearance, R, and the actually determined dye concentration at any point, C, the expected dye concentration at the end of a given time interval, t, will then be X(100 -R'). The successive serial determinations are then carried out each from the one immediately preceding, as in the following example. Given a plasma volume V, to determine volumes VI and V2, at time intervals t1 and t2, when the dye concentrations read on the colorimeter are C, Cl, and C2 and the volumes of plasma removed by sampling are s and s1. Then VI = (V-s) X Q100-Rt) C, and C1(100 RK2)
These calculations, although somewhat complicated, were made relatively easy by the use of logarithms.
Having determined the plasma volumes and knowing the relative cell volumes, the total blood volumes and red cell volumes are calculated. The changes in size of the individual red cells were deduced from the changes in mean corpuscular hemoglobin concentration Striking, too, is the fact that the added protein, or its equivalent, disappears from the blood stream at a constant rate. The rate varied from animal to animal and ranged between 0.5 and 3.8 grams per hour. Calculated in relation to the total amount present, the rate ranged between 2.1 and 11.9 per cent per hour, with an average for the series of 6 per cent per hour. This rate is completely independent of the amount given as is shown by the fact that no correlation could be established between amounts given and rates of disappearance for the whole series of experiments (Table I) 
FIG. 2. TWENTY-FOUR CC. OF LYOPHILIZED SERUM (4-FOLD CONCENTRATED) TO A NORMAL DOG (EXPERI1MENT 14)
The peak in the total protein curve represents 1.1 grams of protein coming into the circulation from extravascular sources and the hump in the plasma volume curve represents fluid coming into the circulation. (The blood pressure had dropped to about 60 mm. during the transfusion but came back to normal in the next 20 minutes.) The plasma protein and plasma volume return to normal in 5 hours. Note that about 25 per cent of the volume of red cells (even with the correction for the change in size) has disappeared from the circulation. The total plasma protein returned to normal in about 4 hours and remained at that level while fluid continued to leave until the plasma volume was reduced to about 80 per cent of the original, with a resultant increase of the protein concentration. The urine volume secreted was almost 5 times the volume transfused. of dye disappearance is logarithmic, the implication of the high degree of correlation is that the protein disappearance rate is logarithmic too.
To determine if the rate were dependent on the state of the "protein reserves," two animals were kept on a protein-free diet and depleted of protein to near edema levels by the plasmaphoresis method of Melnick and Cowgill (15) . They were then transfused with both normal and lyophilized serum. The rates of disappearance in these two dogs were of the same order of magnitude as the average for the whole group and certainly not any greater. The protein levels and "reserves" were then brought back to normal in a few weeks by feeding a high protein diet after which the experiments were repeated. Here, too, the rate of disappearance was about the same and not any slower than when these animals were in a depleted state (Experiments- 11, 12, 13, and 14 3 , the total protein rose above the level determined after the transfusion and this rise amounted to 0.6, 0.7, and 1.1 grams, respectively. In none of the other experiments was a subsequent value for total protein greater than that determined immediately after the transfusion.
B. The fate of the transfused fluid The transfused fluid, that is, the plasma considered without its protein, also leaves the blood stream and the plasma volume returns toward normal. This occurs in from 3 to 8 hours, depending on the rate at which the fluid leaves and on the amount given (Figures 1, 2, and 3 ). The rate of plasma volume change (fluid loss) is in almost all cases more rapid than the rate of protein loss. A concomitant upward trend in the plasma protein concentration results, but the latter did not go above 110 per cent of the original value except in one experiment in which lyophilized serum was used (Figure 3) .
Although the rate of fluid loss is fairly constant, it varies from moment to moment within certain limits and causes an immediate reciprocal change in the protein concentration. The latter goes up rapidly when fluid leaves the blood stream and goes down when fluid shifts in from the tissue spaces. These momentary changes in rate of fluid loss are synchronous with variations in the blood pressure. Throughout these changes, however, the rate of protein loss remains constant (Figure 1) .
There was an initial shift of fluid into the blood stream only in two circumstances. First, when there was a sharp drop in blood pressure. This occurred in 3 or 4 experiments and was probably due to an anaphylactic type of reaction, as evidenced by the appearance of transient cutaneous wheals and the return of the blood pressure to the original level within an hour or so. Second, when the concentration of the protein in the material transfused was much greater than the circulating plasma protein concentration. This occurred in the two dogs which were given lyophilized serum and in the dog whose plasma protein level was 3.83 grams per cent and which was transfused with serum containing 6.17 grams per cent of protein (Experiments 11, 13, and 14) .
Not all of the fluid transfused remains in the body with the protein; much of it is excreted by the kidneys. In all of the dogs, a greater volume of urine was excreted than would have been expected had the control rate of urine formation continued throughout the experiment. In 7 out of 14 experiments, the volume of excess urine was more than 50 per cent of the transfused volume. This was most striking in the two animals receiving lyophilized serum-approximately 5.5 grams of protein in 25 cc. of water. One dog secreted an excess of 115 cc. and the other, an excess of 43 cc. of urine (Figures 2 and 3) .
The rate-of urine formation ranged between 0.030 and 0.140 cc. per minute with an average for the series of 0.080 cc. per minute. This rate is tremendously increased during the first hour or so after the transfusion. It drops rapidly toward normal in the next hour or so and then approaches the control rate as the plasma volume returns to normal. The average increase for the group of experiments in the post-transfusion period was 680 per cent. The increase in rate in the post-transfusion period correlated fairly well with the percentage in- Although the total volume of red cells was somewhat variable, there was a constant change in the individual red cells. They decreased slowly but progressively in size throughout the post-transfusion period (Figures 1, 2, and 3 ). This is shown by the fact that there was a progressive increase in the mean corpuscular hemoglobin concentration. If the ratios of the control value to the post-transfusion values are taken as a measure of this decrease in size, the maximum change noted in each experiment ranged for the series between 5 (19) found that if in shock due to experimental intestinal obstruction, they gave even as much again or more than the original volume of plasma, there was nevertheless a subsequent drop of plasma volume of 39 per cent and the dogs died in 5 or 6 hours. Rhoads, Wolff, and Lee (20) , in a study of burn patients, noted that "when large plasma transfusions were administered soon after the receipt of a burn, there was not as great a rise in plasma volume as had been anticipated and furthermore, as a rule the rise that was obtained was temporary." That plasma was not only being lost locally by exudation from the burned surface, but that a good proportion of it was simultaneously leaving the vascular system, generally seems to be the most probable explanation for these observations. The finding that the protein which disappears from the blood stream is not broken down and excreted by the kidneys had already been made by Howland and Hawkins (21) on phlorizin diabetic dogs. They concluded that the protein was removed from the blood stream and stored in the body tissues as such or that it was only partially broken down and then rebuilt into tissue protein.
The diuresis induced by the transfusions is probably not the result of increased osmotic pressure only, since it occurred in many experiments where no increase in protein concentration was caused by the transfusion. Weech (22) also found this to be true, and showed that a diuresis could be induced by giving a volume of red cells washed free of their plasma. He therefore concluded that the increased blood volume was the stimulus for the diuresis. In these ex-413 Downloaded from http://www.jci.org on June 22, 2017. https://doi.org/10.1172/JCI101507
